Abstract. In a hepatitis B virus (HBV)-infected population, persistently low expression levels of serum HBV serum antigen (HBsAg) are present, particularly in chronic asymptomatic HBV carriers (AScs). The present study sequenced the HBV Pre-S gene, and aimed to elucidate its features in AScs with low HBsAg expression compared with in the established HBV Pre-S reference gene sequences from AScs with high HBsAg expression. A total of 1,308 AScs were grouped according to HBsAg serum levels (cut-off value, 10 IU/ml), and clinical characteristics were analyzed in detail. The HBV Pre-S gene was sequenced in 276 AScs with low-level HBsAg; in addition, 100 of the remaining 1,032 AScs with high-level HBsAg were randomly selected for HBV Pre-S gene sequencing on the basis of age matching with the low-level HBsAg group. comparative analysis of the gene sequences from these groups was subsequently conducted. The major clinical features of the population with low-level HBsAg were as follows: Most were AScs with chronic HBV infection; 97.1% were HBsAg/anti-HBe/anti-HBc-positive; 82.54% carried the B genotype; and 84.13% displayed the adw serotype. The results indicated that there were novel and meaningful mutations, including co-mutations, at numerous loci and sites in the Pre-S gene, as well as deletion mutations in the Pre-S2 gene. These mutations in the Pre-S1 and Pre-S2 gene fragments accounted for 65.38% (68/104) of the 104 B genotype cases in the low-level HBsAg group and 90.91% (20/22) of the 22 c genotype cases in the low-level HBsAg group, respectively. In conclusion, Pre-S gene mutations may be associated with HBV replication defects, which may be the cause of the observed low expression levels of HBsAg.
Introduction
Hepatitis B virus (HBV) infection is a global health issue, and china has a high incidence of HBV infection (1) . HBV belongs to the Hepadnaviridae virus family, and its genome consists of partially double-stranded circular dNA, which is ~3.2 kb in length. HBV surface proteins include three components: Pre-S1, Pre-S2 and S, which are encoded by the Pre-S1, Pre-S2 and S open reading frames of the genome, respectively. The Pre-S1 and Pre-S2 proteins serve important roles in the viral invasion of hepatocytes, and in viral infection, viral assembly, viral replication and stimulation of immune responses in the body. The Pre-S1 protein fragment containing amino acid residues 21-47 is the most important region of the protein with regards to mediating attachment of HBV to hepatocytes. Pre-S2 contains the polymerized human serum albumin (PHSA) receptor; HBV can enter hepatocytes by pinocytosis mediated by PHSA (2, 3) .
It has previously been reported that Pre-S/S gene variations result in immune evasion and occult HBV infection (4, 5) , and serological detection of patients with Pre-S/S gene variations indicate the presence of both HBV surface antigen (HBsAg) and HBV surface antibody, or HBsAg negativity. Previous reports have also revealed that HBsAg expression is affected by high spontaneous error rates of HBV reverse transcriptase, with viral variants continuously arising during the infection course that are subject to endogenous and exogenous selection pressure (6, 7) . Pre-S (Pre-S1 and Pre-S2) gene mutations can affect HBsAg expression (3, 8) . However, with regards to the natural course of HBV infection in patients, few studies have analyzed the association between the HBV-infected popula- and Pre-S gene mutations. Therefore, the present study sequenced the Pre-S (Pre-S1 and Pre-S2) genes in AScs with persistently low HBsAg expression, and compared the results with the established Pre-S gene reference sequences from AScs with persistently high HBsAg expression, in order to elucidate the features of the Pre-S gene and to investigate the mechanisms underlying the formation of persistently low HBsAg expression levels in AScs. The present study has important clinical significance for the accumulation of clinical data, virology data and molecular epidemiological data. The HBV-infected population with low-level HBsAg exhibits low nucleic acid replication, which may be missed in HBV screening conducted after blood donation, or as a preoperative examination or traumatic examination; therefore, it has the potential to infect others. It is therefore important for research to focus on the prevention of HBV transmission in the HBV-infected population with low-level HBsAg.
Sequence analysis of the Pre-S gene in chronic asymptomatic HBV carriers with low-level HBsAg

Materials and methods
Specimen collection. According to the laboratory results, 1-year follow-up information from patients, clinical information, and infection history or the stage of natural history (9-11), the following exclusion criteria were developed: i) Patients with combined infection with human immunodeficiency virus, hepatitis C virus and hepatitis d virus; ii) patients with acute HBV infection (acute hepatitis) or low HBsAg levels present in the early stage of infection; iii) patients with low HBsAg levels in the HBsAg/anti-HBs conversion stage during the recovery period; iv) patients with long-term coexistence of HBsAg/anti-HBs positivity; and v) patients whose medical histories indicated the use of liver protection agents, enzyme-lowering agents, immunomodulators or antiviral drugs during the 6-month period prior to specimen collection.
Sample grouping. AScs were characterized by HBsAg positivity for >6 months, low or undetectable serum HBV dNA levels and normal serum alanine aminotransferase (ALT) levels (11, 12) . HBV-infected patients with low-level HBsAg expression were characterized by more than three instances of serum HBsAg detection results with <10 IU/ml after >1 year of follow-up (the interval between specimen collections was >3 months) (13, 14) .
The 1,308 AScs in the sample bank were grouped according to HBsAg level (13, 14) . There were 276 cases in the low-level HBsAg (≤10 IU/ml) group and 1,032 cases in the high-level HBsAg (>10 IU/ml) group. The mean age of the patients in the low-level HBsAg group was higher than that of the patients in the high-level HBsAg group (P<0.05), and the mean HBV dNA value of the patients in the low-level HBsAg group was lower than that of the patients in the high-level HBsAg group (P<0.05). The two groups did not exhibit statistically significant differences with regards to sex or ALT levels (P>0.05). The clinical information for these two groups is presented in Table I . HBV DNA extraction and amplification. Viral dNA was extracted from 500 µl serum and eluted into 100 µl dNAseand RNAse-free H 2 O using the nucleic acid extraction system NP968 (Tianlong Biotechnology co., Ltd., Suzhou, china), according to the manufacturer's protocol. The level of HBV dNA in all samples was determined using a fluorescence quantitative polymerase chain reaction (PcR) detection kit [AcON Biotech (Hangzhou) co., Ltd., Hangzhou, china] and an ABI StepOnePlus real-time PcR system (Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, USA), according to the manufacturer's protocol. The primer sequences were as follows: Forward, 5'-TTc cTc TTc ATc cTG cTG cT-3'; reverse, 5'-AGT TTc cGT ccG AAG GTT TT-3'; fluorescence probe, 5'-FAM-ATC AAC TAC CAG CAC GGG AC-BHQ1-3'. The amplification program used was as follows: Preheating at 95˚C for 3 min; followed by 45 cycles of amplification, which consisted of heating at 94˚C for 15 sec and 58˚C for 30 sec; the fluorescence values of each tube were measured at the end of the 58˚C step.
Sequencing of HBV Pre-S/S genomes. The target fragments of the HBV Pre-S/S genome in 276 serum samples from the low-level HBsAg group and 100 serum samples from the high-level HBsAg group, which were randomly selected on the basis of age matching with the low-level HBsAg group, were amplified using nested PcR (15) . The patients from which the serum samples used for amplification were collected exhibited no statistically significant differences with regards to geographic region of origin, age or sex (P>0.05). The amplification and sequencing primer sequences are shown in Table II . The parameters and reaction systems used for amplification of the HBV Pre-S/S genes in nested PcR are presented in Table III . PCR amplification was performed using a Bio-Rad S1000 thermal cycler (Bio-Rad Laboratories, Inc., Hercules, cA, USA). The positive products were purified, recovered and sent to Sangon Biotech co., Ltd. (Shanghai, china) for sequencing using the ABI PRISM Bigdye reagent kit and an ABI 3730 Genetic Analyzer (Applied Biosystems; Thermo Fisher Scientific, Inc.).
The sequencing results were assembled using the SeqMan program in Lasergene software v7.1 (dNAstar, Inc., Madison, WI, USA). The comparison was performed using BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi).
Genotyping and serotyping. Pre-S/S genes assembled from multiple target fragments were compared and spliced using MEGA v6.0 software (16) . The sequences obtained from sequencing and the National center for Biotechnology Information (NcBI)-recommended representative genotypes B (AB033554, AF100309 and d00329) and c (AB014381, AY123041 and X04615) were used for construction of the phylogenetic tree and genotyping using the neighbor joining method (17) [≥96% homology of the S gene was considered the same genotype (18) ] at a bootstrap setting of 1,000 times. The serotype was confirmed based on the amino acid expression at specific sites in the S gene sequence (19) .
Establishment and validation of Pre-S gene reference sequences.
Based on the successful sequencing results of the HBV Pre-S gene in 100 cases in the high-level HBsAg group, the base with the highest frequency at each position in the sequences of all major genotypes (B and c) was used as the reference base to establish a Pre-S reference sequence of genotype B in AScs (ASc-R-Pre-S-B) and a Pre-S reference sequence of genotype c in AScs (ASc-R-Pre-S-c) in eastern china.
To validate the accuracy and usability of ASc-R-Pre-S-B and ASc-R-Pre-S-c established in the present study, homology analyses were performed using the sequences of genotypes B and C of ASCs in NCBI (defined as the NCBI-ASC-Pre-S-B group and the NcBI-ASc-Pre-S-c group), and the reference sequences of genotypes B and c recommended by the NcBI (NcBI-R-Pre-S-B: AB033554, AF100309 and d00329; NcBI-R-Pre-S-c: AB014381, AY123041 and X04615) (17) .
Comparative analyses of HBV Pre-S gene sequences.
The HBV Pre-S gene sequences of AScs in the high-and low-level HBsAg groups were compared with the established ASc-R-Pre-S-B and ASc-R-Pre-S-c reference sequences. Each case in which a base at a given site was replaced by another base and led to a change in the amino acid of the expression protein was defined as a mutation (nonsynonymous mutation) (20) . In addition, cases in which mutations were present in more than two codons in the same Pre-S gene sequence were defined as multi-site co-mutations (21) . The BLAST tool was used to search and compare the sequences in the NcBI database to determine whether the amino acid mutation sites, including single-site mutations, multiple-site co-mutations, deletion mutations and insertion mutations, in the Pre-S protein in the lowand high-level HBsAg groups were newly discovered or unreported mutation sites. The mutation sites and mutation frequencies reported in the NcBI database, including single-site mutations, multiple-site co-mutations, deletion mutations and insertion mutations, which displayed statistically significant differences in the low-and high-level HBsAg groups were defined as the meaningful mutations; mutations with a frequency of ≥10% were defined as hotspot mutations, and mutations with a frequency of <10% were defined as non-hotspot mutations (22) .
Statistical analysis. SPSS version 12.01 (SPSS, Inc., chicago, IL, USA) was used for statistical analysis. The scatter plots were produced using Graphpad Prism 5 software (GraphPad Software, Inc., La Jolla, cA, USA), and the Venn diagrams were produced with canvas 11 software (Acd Systems International, Inc., Victoria, Bc, canada). The results are presented as the means ± standard error of the mean, and HBV dNA levels (IU/ml) were logarithmically transformed for analysis. continuous and categorical variables were compared between groups using the independent t-test, and the χ 2 test or Fisher's exact test. The frequency of amino acid mutation sites was analyzed using the cochran-Mantel-Haenszel test method. All P-values were two-tailed, and P<0.05 was considered to indicate a statistically significant difference. 
The same as the first step. The same as the first step. The amplified DNA product obtained from the first step was used as the DNA template for the second step.
PcR, polymerase chain reaction; Ta, annealing temperature.
Results
Basic serological characteristics of chronic ASCs. The HBV serum markers of 1,308 AScs were examined. The HBV Pre-S/S genes of 276 cases in the low-level HBsAg group and those of 100 randomly selected cases in the high-level HBsAg group were sequenced, and genotyping and serotyping were performed. The results demonstrated that the distribution of HBV serological marker patterns, genotypes and serotypes between the low-and high-level HBsAg groups all exhibited statistically significant differences (P<0.05; Fig. 1 ).
Establishment and validation of Pre-S reference sequences.
Genotyping was performed on the 94 cases in the high-level HBsAg group for which successful sequencing results were obtained. The major genotypes were the B and c genotypes.
The base in the same position with the highest frequency in the B and c sequences was used as the reference to establish the Pre-S reference sequence of the B genotype in AScs (ASc-R-Pre-S-B) and the Pre-S reference sequence of the c genotype in AScs (ASc-R-Pre-S-c). The results are shown in Fig. 2 .
Homology analyses of the nucleotides and amino acid residues in the Pre-S sequences of the B and c genotypes in AScs in NcBI (NcBI-ASc-Pre-S-B and NcBI-ASc-Pre-S-c) and the Pre-S reference sequences of genotypes B and c recommended by NcBI (NcBI-R-Pre-S-B and NcBI-R-Pre-S-c) were performed. The ASc-R-Pre-S-B and ASc-R-Pre-S-c sequences established in the present study displayed high homology (98.5-100%) with the Pre-S sequences of genotypes B and c in AScs reported in most areas in china, high homology with the majority of the Pre-S reference sequences of genotypes B and c in Asia recommended by NcBI (98.2-99.5%), and lower homology (96.4-96.9%) with those in canada and Indonesia (Table IV) .
Comparative analyses of HBV Pre-S gene sequences. The ASc-R-Pre-S-B and ASc-R-Pre-S-c reference sequences established in the present study were compared with the Pre-S gene sequences of genotypes B and c in the low-and high-level HBsAg groups. For genotype B, the number of amino acid mutation sites in the Pre-S protein in the low-level HBsAg group was higher than that in the high-level HBsAg group (P<0.05), whereas the number of hotspot mutations was not significantly different in the two groups (P>0.05). The distributions and frequencies of mutation sites in the two groups are shown in Fig. 3A and B. In genotype c, the number of amino acid mutation sites and the number of hotspot mutation sites in the Pre-S protein was not significantly different in the two groups (P>0.05). The distributions and frequencies of mutation sites in these two groups are presented in Fig. 3c and d.
The distribution of the characteristic amino acid substitutions due to mutations found in the Pre-S1 and Pre-S2 proteins of different genotypes from individuals in different groups is presented in Table V . In genotype B, the Pre-S1 gene had 14 single-site mutations, eight double-site co-mutations and two triple-site co-mutations; these mutations were detected only in the low-level HBsAg group. One single-site mutation (L97V) was present in both groups. BLAST comparison of these mutation sites indicated that none of them had been reported in NcBI or in the literature (unreported mutation sites). In addition, BLAST comparison revealed that five single-site mutations were reported in NcBI or in the literature; the frequency of these mutations differed significantly in the two groups (meaningful site mutations, P<0.05). The characteristic single-site mutations and multiple-site co-mutations that resulted in amino acid substitutions accounted for 55.77% (58/104) of the 104 cases in the low-level HBsAg group (Fig. 4A) . The Pre-S2 gene had 14 single-site mutations, nine double-site co-mutations, three triple-site mutations and three deletion mutations; these were only found in the low-level HBsAg group. comparison of these mutation sites using BLAST indicated that none of them had been reported in NcBI or in the literature (unreported mutation sites). In addition, BLAST comparison revealed that two of the single-site mutations were reported in NcBI or in the literature; the frequencies of these mutations differed significantly between the two groups (meaningful site mutations, P<0.05). These characteristic amino acid single-site mutations and multiple-site co-mutations accounted for 38.46% (40/104) of the 104 cases in the low-level HBsAg group (Fig. 4B) . In total, the characteristic amino acid single-site mutations and multiple-site co-mutations in the Pre-S1 and Pre-S2 gene fragments accounted for 65.38% (68/104) of the 104 cases in the low-level HBsAg group (Fig. 4c) .
In genotype c, the Pre-S1 gene had two single-site mutations; these were only found in the low-level HBsAg group. comparison of these mutations sites using BLAST indicated that they had not been reported in NcBI or in the literature (unreported mutation sites). In addition, comparison of the two single-site mutations in both groups using BLAST revealed that they had previously been reported in NcBI or in the literature; however, their mutation frequencies were significantly different in the two groups (meaningful Table IV . Analysis of the homology of Pre-S gene sequences between ASc-R-Pre-S-B and ASc-R-Pre-S-c, and NcBI-ASc-Pre-S-B, NcBI-ASc-Pre-S-c, NcBI-R-Pre-S-B and NcBI-R-Pre-S-c (%). site mutations, P<0.05). These characteristic amino acid single-site mutations and multiple-site co-mutations accounted for 72.73% (16/22) of the 22 cases in the low-level HBsAg group (Fig. 4d) . The Pre-S2 gene had two locations at which deletion mutations occurred in the low-level HBsAg group, whereas the high-level HBsAg group had one double-site mutation and two locations at which deletion mutations occurred. comparison of these mutation sites and deletion mutations using BLAST indicated that none of them had been previously reported in NcBI or in the literature. In addition, comparison of two single-site mutations in both groups using BLAST revealed that they had already been reported in NcBI or in the literature; however, the frequencies of these mutations were significantly different in the two groups (meaningful site mutations, P<0.05). These characteristic amino acid single-site mutations, multiple-site co-mutations and deletion mutations accounted for 45.45% (10/22) of the 22 cases in the low-level HBsAg group (Fig. 4E) . In total, the characteristic amino acid single-site mutations and multiple-site co-mutations in the Pre-S1 and Pre-S2 gene fragments accounted for 90.91% (20/22) of the 22 cases in the low-level HBsAg group (Fig. 4F) .
Discussion
Serum HBsAg is not only an important serum marker for the screening and diagnosis of HBV infection, but also an important reference indicator for the effects of HBV treatment (23). Jaroszewicz et al (24) and Nguyen et al (25) reported differences in serum HBsAg levels in HBV-infected patients in Asia and Europe at different stages during the natural course of infection. Serum HBsAg levels can also be used in auxiliary diagnosis to determine the stage of HBV infection with respect to the natural history of the virus (26) . In our previous study, a survey was performed, and the distribution features, immune function and S gene sequences in an HBV-infected population with persistently low levels of serum HBsAg expression (<10 IU/ml) were analyzed (13, 14) . The present study investigated the clinical features of 276 HBV-infected patients with low HBsAg levels. The results demonstrated that the majority of individuals in the studied population with low HBsAg levels were chronic AScs. The population with low HBsAg levels were not significantly different with regards to sex composition and ALT levels when compared with a population of 1,032 AScs with high HBsAg levels; however, age, HBV serological marker pattern composition, HBV genotype composition and HBV serotype composition were significantly different in these two populations. The serological pattern HBsAg/anti-HBe/anti-HBc was present in 97.1% of the individuals in the low-level HBsAg group, and the group had low viral replication and low positive rates of HBV dNA that were similar to those reported in the literature (13, 14) . Therefore, chronic asymptomatic HBV infection, HBsAg/Anti-HBe/Anti-HBc positivity (97.1%), B genotype (82.54%) and adw serotype (84.13%) were considered major clinical features of the ASc population with low-level HBsAg. Under normal circumstances, the large surface proteins encoded by the Pre-S1 gene are closely associated with the virus cycle, and with the interaction between viruses and hepatocyte receptors. The middle surface proteins encoded by the Pre-S2 gene are associated with the extracellular secretion of viruses. Mutations in the Pre-S region might alter the phenotype of HBsAg (2,3,8) . Therefore, when base substitution, deletion or insertion mutations occur in the Pre-S gene, the infectivity of HBV, HBV nucleic acid replication, HBV serological markers, viral protein expression and secretion, immunogenicity and antigen-antibody binding capacity may be affected (3, 8, 27 ). The present study investigated Pre-S1 and Pre-S2 gene sequences in 276 HBV-infected patients with low HBsAg levels, compared with an established reference sequence. The results demonstrated that 28 unreported single-site mutations (14 in Pre-S1 and 14 in Pre-S2), 17 unreported double-site co-mutations (eight in Pre-S1 and nine in Pre-S2), five unreported triple-site co-mutations (two in Pre-S1 and three in Pre-S2), three unreported Pre-S2 deletion mutations, and seven meaningful single-site mutations (five in Pre-S1 and two in Pre-S2) were present in the Pre-S sequence of genotype B. The mutation frequencies of some unreported mutation sites and the frequencies of deletion mutations in the low-and high-level groups did not display statistically significant differences, which may be caused by natural substitution (to be further verified by protein expression); therefore, no statistical inferences were made regarding b Searching and comparing using BLAST revealed that the mutation was already reported in NcBI or in the literature; however, the frequency of the mutation in the high-and low-level HBsAg groups was significantly different (P<0.05). The underlined and bold mutation sites had significantly greater mutation frequencies in the high-level HBsAg group than in the low-level HBsAg group. the observed unreported mutation sites and deletion mutations. In addition, the number of amino acid mutation sites in the Pre-S protein was higher in the low-level HBsAg group than in the high-level HBsAg group; however, the number of hotspot mutations in these two groups did not show a statistically significant difference.
Neither the B nor c genotype virus present in the two groups exhibited Pre-S1 deletion mutations or Pre-S insertion mutations. The Pre-S1 promoter deletion mutation (Pre-S1∆1-8) that was previously reported to be associated with high HBsAg expression (8) was not observed in the present study. In addition, the Pre-S2 deletion mutation (Pre-S2∆3-25) that was previously shown to be associated with defective viral replication (8) was not observed in this study. It has been reported (3) that Pre-S1 region 3'-end deletion mutations and Pre-S2 region 5'-end deletion mutations affect numerous functional sites in the S gene promoter and the ccAAT-binding factor (cBF) binding site required for S gene expression; such mutations usually result in abnormal HBV synthesis and secretion, and affect the binding of neutralizing antibodies. We aim to conduct further research on whether the Pre-S2 deletion mutations discovered in the present study are closely associated with persistently low HBsAg expression. In the low-level HBsAg group, the percentages of mutations (unreported mutations and meaningful mutations) in the Pre-S1 gene (B: 55.77% and c: 72.72%) were higher than in the Pre-S2 gene (B: 38.46% and C: 45.45%). However, no significant difference in the mutation rates of Pre-S1 and Pre-S2 between the B and c genotypes was detected. These findings suggested that Pre-S1 gene mutations may serve a leading role in the HBV-infected population with persistently low HBsAg expression.
To ensure the accuracy of analysis of the HBV Pre-S gene sequence in the low-level HBsAg population (28), Pre-S reference sequences of the B and c genotypes (ASc-R-Pre-S-B and ASc-R-Pre-S-c) suitable for research on eastern chinese populations were established. The results indicated that ASc-R-Pre-S-B and ASc-R-Pre-S-c can be used as HBV S gene reference sequences for AScs in china. These results also revealed that the establishment of reference sequences should consider both the nature of the study subjects (AScs in the present study) and regional differences. In addition, the established reference sequences should be validated from different perspectives. Therefore, the established reference sequences will have representativeness, comparability and authority, and the obtained study results based on reference sequences will have creditability and scientific importance. Previous research has addressed four possible mechanisms underlying the low expression levels of serum HBsAg in some individuals. i) S gene variations, particularly 'a' antigenic determinant mutations, which may cause alterations in the spatial conformation of the antigenic determinants of HBsAg, thereby affecting antigen detection and/or resulting in reduction of HBsAg secretion. In addition, the mutations rtA181T/sW172*, rtV191I/sW182* and rtM204I/sW196* in the S gene cause early termination of transcription; therefore, viruses cannot successfully synthesize and secrete HBsAg (2, 7, 29, 30) . ii) Pre-S/S gene variations result in differences between the HBV dNA level and the HBsAg concentration (3, 8, 27) . iii) Either there is immune tolerance of unknown cause between HBV and hosts (13) or HBsAg mutations induced by the use of immunosuppressive agents enhance immune tolerance in the body; therefore, HBsAg cannot be completely cleared from the body, resulting in the presence of low HBsAg levels (31) . iv) S gene methylation has a regulatory role in HBsAg secretion (32) . The aforementioned findings are mainly associated with Pre-S/S gene variations, occult hepatitis, the use of immunosuppressive agents, and S gene methylation resulting from antiviral therapy. Very few studies have reported the features of HBV S gene sequences or the mechanisms by which ASc populations with low HBsAg levels are generated. Therefore, the present study used established genotype B and c reference sequences of HBV-infected AScs with high HBsAg levels as a reference in comparative analyses of Pre-S gene sequences of HBV-infected AScs with low HBsAg levels. The results indicated that the amino acid mutation rate and the number of mutation sites in the Pre-S protein in the low-level HBsAg group, which was mainly characterized by the B genotype, were higher than those in the high-level HBsAg group.
In conclusion, during immune clearance of HBV in the host, novel mutations at numerous sites (including co-mutations), meaningful mutations (including co-mutations) and deletion mutations in the HBV Pre-S gene may be induced; these might be associated with defects in HBV virus replication and might be one of the reasons underlying low-level HBsAg expression.
